The antibacterial action of antibody (normal and hyperimmune), complement, and lysozyme has been studied by correlating the ultrastructural and biochemical changes that they cause in smooth Escherichia coli. Both normal and hyperimmune antibody, in the absence of lysozyme, produced complement-dependent release, into the suspending medium, of 63 to 72% of the 32P-labeled phospholipid and 74 to 85% of the small molecular bacterial constituents. Macromolecular nucleic acid labeled with 32p was not released. By phase microscopy, these cells appeared as bacilli but their ultrastructure showed general swelling, with smoothing of the normally wrinkled outer cell wall layers. Cytoplasmic membranes were damaged and the internal cell structure was disorganized. Membranous spherules, apparently from the outermost putatively lipopolysaccharide cell layer, were released into the medium. When lysozyme was added to antibody and complement, 32P-labeled macromolecular constituents were released from the cells. Damage to ultrastructure then included loss of cell wall rigidity, cell wall breakage, and some spheroplast formation. Characteristic fibrillar fragmentation was seen in cell wall mucopeptide layers. The relationships between antibody-complement dependent release of bacterial phospholipid, loss of selective cell permeability, and increase in sensitivity to lysozyme are discussed.
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The antibacterial action of serum components has been frequently studied in terms of the kinetics of bacteriolytic (1) or bactericidal effects (8) , but the molecular and ultrastructural basis of damage to bacteria that is caused by serum components (3, 13) is poorly understood. Since serum is used for opsonization of bacteria, it is important to determine the nature and degree of damage that is initiated outside phagocytic cells as a preliminary step in the investigation of the degradative processes that phagocytized bacteria undergo. Escherichia coli, metabolically labeled with radioactive phosphorus, loses the label into the medium after incubation with fresh normal guinea pig serum (11) (12) (13) In this paper, we describe apparently related molecular and structural changes that occur in smooth gram-negative bacteria during interaction with serum components (antibody, complement, and lysozyme). These alterations have been examined by allowing combinations of serum "reagents" prepared by absorption and inactivation procedures to react with 32P-labeled E. coli and by submitting the resulting reaction mixtures to physical and chemical analysis.
MATERIALS AND METHODS
Cultures. A smooth strain of E. coli (0117:H27) was grown in Antibiotic Assay broth (Difco) and was metabolically labeled with 32p (as orthophosphate; Tracer Lab, Waltham, Mass.) in complex synthetic media (13) .
Serum. Pooled, normal adult guinea pig serum that had been heated at 56 C for 20 min and had been absorbed with bentonite (4 mg/ml of serum) at 15 C for 1 hr to remove lysozyme activity was used as a source of "normal" antibody. 
RESULTS
Antibody with lysozyme did not release significant amounts of 32p in the absence of complement (see system I in Table 1 ). In Gey's balanced salts solution (control; not shown in the table), 5 to 6% 32p was usually released in 1 hr. This seemed to be the result of phosphorus exchange between medium and bacteria, as indicated by the fact that almost all of the released 3p was cold-acid soluble.
In system II (see Table 1 ), antibody and complement without added lysozyme released a total of 26 to 30 of the bacterial "2p. Of this Table 1 ) approximately doubled the release of 32p that was achieved in system II. This was accomplished solely at the expense of hot-acid soluble bacterial phosphorus. It should be noted that lysozyme did not increase the micromolecular or phospholipid release. Normal and hyperimmune antibody acted quite similarly, except in system III of Table 1 ; in this system, the large amount of normal serum may have caused osmotic stabilization of the cells and may have prevented complete release of the nucleic acids. The complement control alone and with lysozyme showed some release of 32p. This was probably the result of some unabsorbed normal antibody that remained in the serum. Figure 1 shows the morphology of normal E. coli cells; the same morphology was observed in cells from system I (see Table 1 ) in which little or no biochemical evidence of cell damage was seen. Well-defined nuclear and cytoplasmic areas were demonstrated. The wavy "unit membrane"-type peripheral structure of lipopolysaccharide (LPS) (2, 7, 15) was observed in Fig. 2a ; a single dense layer representing mucopeptide (MP) could be seen directly beneath it (2, 7). The cytoplasmic membrane (CM) appeared as the innermost, triple-layered structure. A short area of apparent fusion between the LPS layer and the MP layer was occasionally seen (Fig. 2b) In a thin section of bacteria from system II (see Fig. 3 (15) frequently surrounded these cells (Fig. 3 ) and the bacillary shape of the cells was retained.
In system III, which contained lysozyme in addition to complement and antibody, the cells had a much different appearance (Fig. 5-7) .
Most of the cells displayed a well-defined wall structure that consisted of the usual parallel dense-light-dense LPS unit layer (7, 15) but for the most part lacked the thicker inner dense layer seen in that structure in system II (Fig. 5 ). " , . i a , . : . , , . . Fig. 1 , showing the structure ofthe cell envelope. LPS, lipopolysaccharide "wrinkled" outer unit layer; MP, mucopeptide inner single smooth layer; CM, cytoplasmic membrane; N, nucleoplasm; C, cytoplasm. The arrow in Fig. 2b indicates what appears to be a small area of fusion betweenz the LPS and MP layers, a rather unusual situation. X 150,000. some cells (Fig. 6 ) indicated a more general or uniform weakening of the cell wall that apparently allowed greater expansion under the effects of increasing internal osmotic pressure. Generally, these cells had a poorly defined, less rigid wall structure, and the LPS layer presented a loose fibrous appearance, whereas the cytoplasmic membranes and internal constituents appeared to remain intact (Fig. 6b) . Still other cells had some properties of both types (Fig. 6a) . , : . ; . l l l l s i , Morphological evidence of cell membrane damage is present in the form of obliterated structural detail, raggedness, and holes and rents of various sizes.
When lysozyme was added to incubation mixtures, a large part of the cell nucleic acids appeared in macromolecular form in the suspending medium. Electron microscopy revealed that this was due to a loss of nucleic acids from the cells through ruptured cell walls and cytoplasmic membranes. Lysozyme evidently attacked the structure that was identified on the basis of its relationships to mucopeptide (7). This layer tended to lose its rigidity and was weakened at certain points that were then liable to rupture. In the absence of a supporting mucopeptide layer, the nonrigid cell membranes were torn. Spheroplasts were also seen; their formation seemed to be the result of the more general, uniform thinning of the walls of some cells, which were then able to swell more uniformly without extensive loss of cell wall or cytoplasmic membrane integrity. Spheroplast formation may be more frequent in systems that use normal serum as antibody due to the osmotic stabiliza- tion conferred by high serum protein levels in the medium. This interpretation is supported by observations made by us, but not included here, on the effects of serum in systems stabilized with sucrose.
Antibody and lysozyme controls released only small amounts of 32P-labeled compounds. Complement controls released significant but smaller amounts of 32p than the active reaction mixtures, but also released more than the antibody and lysozyme controls. Electron microscopy of the complement controls revealed some damaged cells similar in appearance to those in systems II and III (Table 1) , depending on the presence or absence of lysozyme. However, most of the cells seemed to be unaffected and had the appearance of normal E. coli cells. There may be several reasons for this activity, but it seems most likely that the cell walls and zymosan used to remove specific antibody failed to do this completely. This failure could be attributed to the presence of normal antibodies that are not homologous to the E. coli antigens, but merely cross-react with them and therefore have rather low affinities. It may be very difficult to remove low affinity antibodies completely, yet they may be sufficiently reactive to have some bacteriolytic action in complement-dependent systems.
The specificity of bentonite absorption for removal of lysozyme is questionable. Bentonite probably absorbs basic proteins other than lysozyme from serum. Glynn and Milne (6) have observed decreased bactericidal activity of sera absorbed with bentonite; this decreased activity was neither restored by addition of egg white lysozyme nor accounted for by loss of complement. In our experiments, bentoniteabsorbed sera appeared to be adequately restored by egg lysozyme.
The origin of the phospholipid released from the cells in antibody-complement is not clear. Phosphatidyl ethanolamine, the principal phospholipid of E. coli, is abundant in certain E. coli LPS preparations and it may also be an important component of cell membranes (14, 15) . In either location, phospholipid may serve as a principal target of complement activity. The origin of the phospholipids is currently under investigation in this laboratory.
It is said that LPS (3) and cytoplasmic membranes (10) can serve as a complement substrate. Phospholipid is common to these structures (14) . It may be that phospholipid is an essential substrate of complement activity, and that the 9.0 to 11.0-nm lesions observed in LPS (3) and in mammalian cell membranes (10) (15) and would initiate 9.0-nm pits or holes (3) that might then allow further action on the cytoplasmic membrane (10) . Selective permeability would be destroyed and, in the absence of osmotic stabilizers, water would enter the cells, momentarily increasing intracellular pressure greatly. This would balloonout the LPS layer already weakened because of loss of cross-linkage in its polymers (15) and would cause spherule formation. The mucopeptide substrate for lysozyme would then be bared by the phospholipid loss, the LPS stripping, or by both. At this stage, lysozyme, if present, could depolymerize the mucopeptide and allow complete lysis. Transient spheroplast formation might occur depending on tonicity of the media, lysozyme concentration, degree of exposure of the lysozyme substrate by the LPS layer damage, or stripping. Localized weakening of the rigid wall would cause a sudden bursting of the cell, whereas more general weakening might allow slow expansion of the wall and a type of spheroplast formation. The spheroplasts would be unstable and would eventually deteriorate because of extensive damage and loss of cytoplasmic constituents.
High concentrations of lysozyme along with other hydrolytic enzymes are available in the lysosomes of polymorphonuclear leukocytes. Thus, the serum factors would ideally prepare a gram-negative organism for further degradation by enzymes in the phago-lysosomal systems of phagocytes. It is clear that the kinetics of the situation would least favor the host in cases where phagocytosis is delayed. The events disclosed in this paper show that endotoxin (LPS) and other bacterial products would be released into body fluids. There they would be subject to dissemination throughout the body and might be more apt to cause widespread damge to the host.
